Purpose: To explore the effects of hypoxic non-small-cell lung cancer (NSCLC)-derived exosomes on NSCLC resistance to cisplatin. Materials and methods: Exosomes were isolated by differential centrifugation and characterized by transmission electron microscope and Western blotting. Quantitative real-time PCR was used to measure miR-21 levels. MTT assays and colony formation assays were performed to investigate the effects of hypoxia-induced exosomes on cisplatin resistance. Results: Hypoxic NSCLC cell-derived exosomes facilitate normoxic cell resistance to cisplatin. In addition, hypoxia enhanced the miR-21 expression in NSCLC cells and cell-derived exosomes. Interestingly, changes in miR-21 levels in the hypoxia-induced exosomes affected the sensitivity of recipient cells to cisplatin. Mechanically, exosomal miR-21 promoted cisplatin resistance by downregulating phosphatase and tensin homolog (PTEN). The expression of miR-21 in tumor cell lines and clinical NSCLC tumor samples was positively correlated with hypoxiainducible factor-1α and negatively correlated with PTEN. Moreover, high miR-21 expression was associated with shorter median survival period in patients undergoing pharmacotherapy, but no association was observed in patients who were not under pharmacotherapy. Conclusion: Exosomal miR-21 derived from hypoxic NSCLC cells may promote cisplatin resistance, which indicates that exosomal miR-21 might be a potential biomarker and therapeutic target to address NSCLC chemoresistance.
Introduction
Lung cancer is among the leading causes of mortality worldwide, with .80% of lung cancer cases being non-small-cell lung cancer (NSCLC) type. 1 Chemotherapy is the mainstay treatment for NSCLC, which prolongs and improves the patients' quality of life. Cisplatin is a commonly prescribed drug for NSCLC, which has been found to provide many benefits, such as diminution of tumor size and improvement of prognosis. 2 However, NSCLC cells often develop both inherent and acquired resistance to cisplatin, which leads to chemotherapy failure. 3, 4 Hypoxia is a condition characterized by insufficient oxygen, caused by higher proliferation rate of tumor cells than vasculature cells. 5 As a typical characteristic of the tumor microenvironment, hypoxia has a profound influence on tumor procession. 6, 7 For instance, hypoxic environment causes changes in gene expression in tumor cells and affects tumor cell characteristics. 8 Many studies have shown that hypoxia may promote tumor aggressiveness and metastasis. [8] [9] [10] correspondence: Zhen Xu Department of cardiothoracic surgery, ningbo no. 2 hospital, no. 41 Xibei street, ningbo, Zhejiang, 315010, People's republic of china email xuyisheng0574@163.com submit your manuscript | www.dovepress.com
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Exosomes are membrane-enclosed, nanoscale extracellular vesicles with a diameter smaller than 150 nm formed by bubbling inward from endosomes and shed through fusion with the cell membrane. They are produced by almost all types of cells. 11 Functionally, exosomes participate in intercellular communication and transport of many functional proteins and RNAs. Several studies have highlighted the importance of exosomes in many physiological and pathological conditions. [12] [13] [14] Hypoxia can alter the contents of tumor cell-derived exosomes, 15 and increasing evidence suggests that exosomes can influence chemotherapy resistance among heterogeneous subpopulations of tumor cells in some types of tumors. [16] [17] [18] MicroRNAs (miRNAs) are vital biomolecules in many cellular and intercellular processes. Many studies have shown that abnormal expression of miRNAs may reflect the pathological states of cells, 14, 19 such as tumor cell proliferation and chemotherapy resistance. 20, 21 MiR-21 is a highly conserved miRNA. Some studies reported that miR-21 may play a role in the resistance of tumors to many chemotherapeutic drugs. [22] [23] [24] [25] Moreover, miR-21 is found in tumor-derived exosomes and plays important roles in tumor progression. 8, [26] [27] [28] Several studies demonstrate that miR-21 is transferred by exosomes between tumor cells, thereby influencing cell activities. 8, 29 Currently, there are few reports pertaining to the role of hypoxia-induced exosomes on chemoresistance. In this study, we hypothesized that exosomes derived from hypoxic tumor cells can transfer miRNAs to normoxic cells, thereby modulating the functions of normoxic cells. Cobalt (II) chloride (CoCl 2 ) was used to mimic hypoxia in vitro as previously described. 30 Results show that hypoxic NSCLC cell-derived exosomes promoted cisplatin resistance in normoxic cells. Further experiments show that hypoxia increased NSCLC cell-derived exosomal miR-21. When the exosomal miR-21 was transferred into normoxic cells, it enhanced cisplatin resistance by decreasing phosphatase and tensin homolog (PTEN). This study provides new findings on the role of hypoxia-induced exosomal miR-21 in tumor chemotherapy resistance under hypoxic conditions. Since cisplatin resistance is a common response in NSCLC patients undergoing chemotherapy, this study provides an avenue that may be exploited to overcome NSCLC resistance to cisplatin.
Materials and methods cell culture and cocl 2 treatment
Cell line SK-MES-1 was purchased from the Cell Bank, Chinese Academy of Sciences. SK-MES-1 cell line was cultured in 1640 medium and A549 cell line was cultured in the F12K medium. Both cells were cultured in a cell incubator at 37°C with 5% CO 2 . In both media, 1% penicillinstreptomycin and 10% FBS were included. FBS was ultracentrifugated overnight to eliminate bovine exosomes. NSCLC cells at about 80% confluence were exposed to 200 µM CoCl 2 medium for 72 hours under 37°C to mimic hypoxia. Cells incubated in a normal medium served as control. Following CoCl 2 treatment, the supernatant was obtained for exosome isolation.
exosome isolation
The exosomes in the culture media were isolated by differential centrifugation. Briefly, the supernatant was subjected to centrifugation at 2,000 g for 10 minutes to eliminate cells and centrifugation at 10,000 g for 30 minutes to remove debris. The supernatant was then ultracentrifuged at 110,000 g for 70 minutes to precipitate the exosomes. After washing the exosome pellets with PBS, they were ultracentrifuged at 110,000 g for another 70 minutes.
Transfection of oligonucleotide mimics and establishment of mir-21 knockdown (KD) cell line
To overexpress miR-21, miR-21 mimics were transfected into SK-MES-1 cells by Lipofectamine2000 (Thermo) at a final concentration of 20 nM. For miR-21 KD, oligonucleotides targeted at the miR-21 mature sequence were loaded into pSUPER-puro (Clontech), 293 T cells were used to package the virus, and stable A549 cells containing miR-21 KD were selected by puromycin.
Transmission electron microscopy
Ten microliters of exosome samples were added onto 200-mesh copper grids (Beijing Zhongjingkeyi, People's Republic of China) for 60 seconds and then subjected to a negative staining with 2% aqueous solution of uranyl acetate for another 60 seconds at room temperature. Samples were dried by a heater for 10 minutes. Finally, the samples were imaged by an FEI Tecnai G2 spirit transmission electron microscope under a voltage of 120 kV.
Quantification of miR-21 level by quantitative real-time Pcr (qrT-Pcr)
The miR primer software 31 was used to design the qRT-PCR primers for miR-21. U6 was used as an endogenous control. Total RNA in exosomes and cells was purified by TRIzol (Thermo Fisher Scientific, Waltham, MA, USA), and the miRNA reverse transcription was performed as described 
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Western blot analysis
Proteins were separated by SDS-PAGE gel, and then transferred to the nitrocellulose membrane. The membrane was blocked with 5% BSA for 60 minutes and incubated with primary antibodies (1:10,000 GAPDH, Proteintech; 1:500 PTEN, Proteintech; 1:1,000 AKT, Proteintech; 1:500 hypoxia-inducible factor-1α [HIF-1α], Proteintech) in 5% BSA overnight at 4°C. This was followed by incubation with horseradish peroxidase-conjugated secondary antibody for 60 minutes at room temperature. The protein bands were visualized and analyzed.
colony formation assay
Cells were cocultured with cell-derived exosomes and placed in a fresh 10 cm plate (and 6-well plate) containing 2 µM cisplatin for 24 hours, and then cultured in 10% FBS-DMEM without cisplatin for 2 weeks. The colonies were fixed with 4% paraformaldehyde for 5 minutes, and then stained with 0.1% crystal violet for 15 minutes. Finally, the colonies were washed three times with water. The colonies with .50 cells were counted.
clinical data
Patients' information were downloaded from The Cancer Genome Atlas (TCGA) lung adenocarcinoma miRNA mature strand expression RNA-seq dataset. Patients whose chemotherapeutic records could be found in the dataset were enrolled in this study, and patients whose chemotherapeutic records could not be traced were eliminated.
statistical analysis
Data are shown as mean ± SDs. Data analysis was performed using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA), and P,0.05 was considered statistically significant.
Result hypoxic nsclc cell-derived exosomes reduced the sensitivity of normoxic tumor cell to cisplatin
This study used CoCl 2 to mimic hypoxia in vitro. NSCLC cells treated with 200 µM CoCl 2 for 48 hours showed upregulated protein level of HIF-1α compared with the control group ( Figure 1A ). Exosomes derived from tumor cells were initially isolated from different NSCLC cell-conditioned media. Using Western blot analysis, we confirmed the enrichment of the known exosome markers ALIX and CD63 32 in the isolated NSCLC cell line-derived exosomes ( Figure 1B ).
Transmission electron microscopy analysis was performed to examine the morphology of the purified exosomes, which showed a saucer-like shape, typical exosomes morphology, with a diameter ranging from 50 to 150 nm ( Figure 1C ). The role of exosomes derived from hypoxic tumor cells on the sensitivity of normoxic tumor cells to cisplatin was investigated. SK-MES-1 cells treated with hypoxic tumor cell-derived and normoxic tumor cell-derived exosomes were exposed to cisplatin (0 and 30 µM) for 24 hours, and the same treatment was performed on the A549 cells. Analysis by MTT assays indicated that treatment with hypoxic tumor cell-derived exosomes increased the normoxic tumor cell survival in response to cisplatin ( Figure 1D ). Normoxic tumor cells exposed to cisplatin after treatment with hypoxic tumor cell-derived exosomes formed remarkably higher number of colonies compared with those treated with normoxic tumor cell-derived exosomes ( Figure 1E ). These results indicate that hypoxic tumor cell-derived exosomes may reduce the sensitivity of tumor cells to cisplatin.
hypoxia promoted mir-21 expression in tumor cells and tumor cell-derived exosomes
Many studies have demonstrated that exosomes contain miRNAs that can be internalized by recipient cells leading to changes in cellular functions. 14, [33] [34] [35] For instance, miR-21, an miRNA found in exosomes, has been widely reported in a variety of tumor processes, including chemoresistance. 36 HIF-1α is a hypoxia-inducible gene, and its expression has been shown to be influenced by hypoxia. Here, we found that the expression of miR-21 was positively correlated with the expression of HIF-1α in cancer cell lines ( Figure 2A ) and NSCLC clinical samples ( Figure 2B ) obtained from the common databases. Additionally, the qRT-PCR results revealed that the level of miR-21 in hypoxic tumor cells was higher than that in normoxic tumor cells ( Figure 2C ), as well as in exosomes ( Figure 2D ). A549 cells expressed more miR-21 than SK-MES-1 cells ( Figure 2E ). Based on these findings, we focused on miR-21. We overexpressed miR-21 in SK-MES-1 cells using miR-21 mimics and downregulated miR-21 in A549 cells using shRNA. Figure 3A ) and a 39-fold upregulation in exosomes ( Figure 3B ). Subsequently, exosomes from hypoxic miR-21 mimic cells and hypoxic control mimic cells were added into the normoxic cell culture system for 2 days. Then, we performed qRT-PCR to examine the miR-21 levels in normoxic cells. Compared with the level of miR-21 in normoxic cells treated with exosomes from hypoxic control mimic cells, there was a 15.5-fold increase in normoxic cells treated with exosomes from hypoxic miR-21 mimic cells ( Figure 3C ). To examine the effects of hypoxia-induced exosomal miR-21 on the sensitivity of NSCLC cells to cisplatin, normoxic cells treated with hypoxia-induced miR-21 mimic cell-derived and control mimic cell-derived exosomes were exposed to various concentrations of cisplatin (0, 10, 20, and 30 µM) for 24 hours. MTT assays indicated that hypoxic miR-21 mimic cell-derived exosomes led to an increase in cellular vitality in response to cisplatin ( Figure 3D ). When normoxic cells treated with hypoxic miR-21 mimic cell-derived exosomes were exposed to cisplatin, significantly higher number of colonies were formed compared with cells treated with control exosomes (Figure 3E ). These findings demonstrate that hypoxic tumor cell-derived exosomal miR-21 can be internalized by normoxic tumor cells, thereby enhancing cisplatin resistance. Figure 4A) , and the miR-21 level in the cell-derived exosomes was downregulated to 35% compared with the control cell-derived exosomes ( Figure 4B) . Moreover, the miR-21 level in normoxic cells treated with exosomes derived from hypoxic A549 miR-21 KD cells was 26% that of the normoxic cells treated with exosomes derived from hypoxic A549 control cells ( Figure 4C ), indicating that less miR-21 was transferred from hypoxic A549 cells into normoxic cells. We further investigated the sensitivity of normoxic cells treated with hypoxic A549 miR-21 KD cell-derived exosomes to cisplatin. The MTT assays indicated that downregulation of hypoxic A549 cell-derived exosomal miR-21 led to a decrease in normoxic cell vitality in response to cisplatin ( Figure 4D ). Treatment of normoxic cells exposed to cisplatin with hypoxic A549 miR-21 KD cell-derived exosomes produced a significantly lower number of colonies than normoxic cells treated with hypoxic A549 control cell-derived exosomes ( Figure 4E ). These findings illustrate that suppression of hypoxia-induced exosomal miR-21 may alleviate the resistance of normoxic tumor cells to cisplatin induced by hypoxic tumor cell-derived exosomes.
hypoxia-induced exosomal mir-21 enhanced normoxic tumor cell resistance to cisplatin by inhibiting PTen
Next, we explored the target gene of hypoxia-induced exosomal miR-21 that influenced the resistance of NSCLC cells to cisplatin. PTEN, tumor suppressor gene, was found to be involved in miR-21-induced resistance to anticancer drugs in 
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Dong et al human pancreatic cancers. 24 Thus, we investigated whether PTEN was a target gene of hypoxia-induced exosomal miR-21 in NSCLC cells. Therefore, normoxic SK-MES-1 cells were cocultured with hypoxic miR-21 modified cellderived exosomes and hypoxic control cell-derived exosomes for 48 hours. Compared with the groups treated with control exosomes, the expression levels of PTEN in SK-MES-1 cells were obviously downregulated in the group that was treated with exosomes derived from hypoxic miR-21 mimic cells and upregulated in the group that was treated with exosomes derived from hypoxic miR-21 KD cells ( Figure 5A ). Moreover, the expression level of PTEN was negatively correlated with miR-21 in NSCLC clinical samples obtained from TCGA database ( Figure 5B) . It has been shown that PTEN downregulation enhances the chemoresistance of tumor cells mainly through activating PI3K-AKT pathway. 25, 37, 38 On this basis, we knock down AKT by siRNA in SK-MES-1 cells ( Figure 5C ). The results showed that KD of AKT restored the sensitivity of SK-MES-1 cells to cisplatin in the presence of hypoxia-induced exosomal miR-21 ( Figure 5D ). Collectively, these preliminary data suggested that hypoxiainduced exosomal miR-21 enhanced cisplatin resistance in normoxic tumor cells probably through the PTEN/PI3K/ AKT signaling pathway.
lung cancer patients with high mir-21 expression level may have a poor prognosis while under pharmacotherapy Finally, we investigated the clinical value of miR-21 in NSCLC pharmacotherapy. We analyzed the NSCLC dataset Figure 6A ), but there is no such association in patients not under pharmacotherapy ( Figure 6B ), which is consistent with the findings of a previous study where plasma miR-21 was correlated with the pharmacotherapy outcomes in NSCLC. 39 These results indicate that the exosomal miR-21 may affect the outcome of patients under pharmacotherapy.
Discussion
In this study, we found that hypoxic NSCLC cell-derived exosomes enhanced the resistance of normoxic NSCLC cells to cisplatin. Further investigation showed that miR-21 in exosomes derived from hypoxic NSCLC cells could be internalized by normoxic NSCLC cells to facilitate cisplatin resistance by suppressing PTEN. Clinical data also showed that hypoxia and high miR-21 expression predict poor prognosis in NSCLC patients.
We first explored the effect of exosomes derived from hypoxic NSCLC cells on the sensitivity of normoxic NSCLC cells to cisplatin and found that these exosomes promoted the resistance of normoxic NSCLC cells to cisplatin. The interactions between tumor cells, the microenvironment, and exosomes are important determinants of cancer chemotherapy resistance and are associated with therapy failure. 40 Hypoxia can remodel tumor microenvironments and affect tumor cell aggressiveness and metastasis. 6, 7, 9 However, the 
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Dong et al effect of hypoxic cell-derived exosomes on chemoresistance has not been studied previously. Thus, these findings enrich our understanding on the role of hypoxia in cancer. Hypoxia is a powerful driver of tumor progression. 7, 41 HIF-1α is a well-studied hypoxia-inducible gene. We found that the expression of HIF-1α and miR-21 in tumor cell lines and NSCLC clinical samples was positively correlated. Additionally, analysis of clinical data indicates that high miR-21 expression in clinical samples predicts poor prognosis in patients undergoing chemotherapy. This result is consistent with a previous study where plasma miR-21 was used as a biomarker for pharmacotherapy of NSCLC. 39 Furthermore, these findings suggest that miR-21 is a hypoxia-inducible gene, and hypoxia-induced exosomal miR-21 may act as a liquid biopsy biomarker for chemoresistance.
The expression level of miR-21 is associated with chemoresistance in lung cancer patients. 39 Some researchers have demonstrated that exosomal miR-21 can regulate cancer cell characteristics. 8, [26] [27] [28] Here, we demonstrated that hypoxia induced miR-21 expression in NSCLC cells and their exosomes. The hypoxia-induced exosomal miR-21 triggered resistance of normoxic lung cancer cells to cisplatin. This effect was abolished by miR-21 KD in hypoxic tumor cells. These findings imply that blocking the hypoxia-induced exosomal miR-21 internalization process and decreasing miR-21 in the hypoxic tumor cell and tumor cell-derived exosomes are potential therapeutic maneuvers to reduce chemoresistance in lung cancer.
We also demonstrated that exosomal miR-21 suppressed PTEN, a well-known target gene of miR-21, in recipient cells. PTEN acts via PTEN/PI3K/AKT signaling pathway to ameliorate tumor chemoresistance. 25 When AKT was knocked down by siRNAs, the sensitivity of NSCLC cells to cisplatin in the presence of hypoxia-induced exosomal miR-21 was restored. This result is consistent with results from previous reports. 42, 43 Several types of inhibitors for PI3K and AKT exist; these inhibitors are potential candidates for combination therapy with cisplatin. However, this concept needs to be verified through further investigation.
Limitations
This study also has some limitations worth mentioning. Hypoxia can cause diverse remodeling of the tumor gene expression and the exosomal contents. In addition, there could be other exosomal molecules that may influence the chemoresistance of the normoxic cell besides miR-21. Thus, further studies should explore other hypoxia-induced exosomal molecules involved in chemoresistance. Since one miRNA may regulate multiple genes, other miR-21 target genes, such as PDCD4, involved in tumor cell chemoresistance need to be investigated. Moreover, in vitro experiments are simplified simulations of the in vivo conditions; investigating the effects of hypoxic tumor-derived exosomal miR-21 on tumor chemoresistance in vivo should be carried out in future.
Conclusion
Hypoxia triggered the expression of miR-21 in NSCLC cells and cell-derived exosomes, and exosomal miR-21 was able to induce cisplatin resistance, a characteristic of tumor cells, in normoxic tumor cells. KD of miR-21 in hypoxic tumor cells abolished this effect. This was attributed to the ability of miR-21 to decrease PTEN in recipient cells. Additionally, the expression of miR-21 in tumor cell lines and NSCLC clinical tumor samples was positively correlated with HIF-1α and negatively correlated with PTEN levels. High miR-21 expression was associated with shorter median survival period in patients undergoing pharmacotherapy. These findings provide new understanding on the roles of hypoxiainduced exosomes in tumor chemotherapy resistance. Since cisplatin resistance is a common response in NSCLC patients undergoing chemotherapy, this study shows that exosomal miR-21 can be targeted as a therapeutic strategy to overcome NSCLC chemoresistance.
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